Abstract
The analysis of marine and continental records from the central part of the Mediterranean shows 5 that the lake levels were high between 10,300 and 4500 cal BP due to an enhanced moisture 6 availability during both summer and winter (Magny et al., 2013) . After 5000 cal BP, pollen data 7 from southwestern Europe show that drought increased and led to a sustained reduction of the 
27
The aim of the present study is to evaluate the impacts of the climate changes on the ecosystems 28 and the landscape of the Middle Atlas during the last six millennia. Our approach is 29 multidisciplinary and based on the analysis of pollen grains, elemental and isotopic 30 geochemistry and grain size from a fossil record collected in Lake Hachlaf, Middle Atlas.
31
Temperature and precipitation variables have been quantified. They show a moderate change 32 which is superimposed by an aridity trend that is combined with an increase in winter 33 temperature over the past 6000 years. We also observed some noticeable ecosystem and 34 to 2500 m, Fig. 1c the lake today.
6
The particle size analysis was carried out at the "Laboratoire Marocain d'Agriculture 7 (LABOMAG)" and was only performed on the sediment fraction < 2 mm. The proportions of coarse silt (50-20 μm), fine silt (20-2 μm) and clay (below 2 μm).
10
Organic matter amount (OM) was estimated based on the content of the organic carbon in 11 lacustrine sediments (OC), elaborated by spectrometry (NF ISO 14235). Sediment OC was 12 oxidized in a sulfochromic environment with an excess of potassium dichromate at 135 °C.
13
Subsequently, the determination of chromate ions Cr 3+ formed was analysed by spectrometry.
14 For total nitrogen (TN), the method used was based on the Kjeldahl mineralization (ISO 11464: Carbonates were measured by adding HCl to the bulk sediment to decompose all carbonates
18
(NF ISO 10693: Juin, 1995). The volume of the carbonic gas produced was measured using a
19
Scheibler apparatus. Europaea (Jalas et al. 1972 (Jalas et al. , 1973 (Jalas et al. , 1976 (Jalas et al. , 1979 (Jalas et al. , 1980 (Jalas et al. , 1983 (Jalas et al. , 1986 (Jalas et al. , 1989 (Jalas et al. , 1991 (Jalas et al. , 1994 within a much lower range than that of the two conifer taxa, Atlas cedar and pine (Fig. 4) . We
25
have applied a constrained cluster analysis to depict the main changes in the pollen fossil record.
26
There are four main clusters summarizing the main changes in the ecosystem composition
27
around Lake Hachlaf over the last 6000 years (table 3) .
28
The grain size analysis revealed the presence of three fractions ( Fig. 3) shows an opposite trend to both the sandy and silty fractions.
2
Carbonates (CaCO3) content is high throughout the record except around 5200 cal BP (Fig. 3 ).
3
They are positively correlated with silt and sand. The total organic carbon (TOC) content is also 4 high and varies significantly between 4 and 27.4% (Fig. 3) . The total nitrogen (TN) remains 5 low throughout the record. The carbon to nitrogen ratio (C/N) varies between 9 and 17.4, and 6 the δ 13 Corg between -21 and -27‰ (Fig. 3) . Two origins of the organic matter are thus 7 identified, with lake algae characterized by C/N < 11 and very depleted δ 13 Corg and terrestrial 
23
In the present study, we have focused on the environmental and climate changes that occurred and analyzed its bio-and geo-chemical content to reconstruct the overall landscape changes.
27
The reconstructed Tjan and Pann show a relatively low amplitude of change over the last 6000 climate is known for its strong seasonal distribution of precipitation throughout the year.
14 Summers are fairly dry and most of the annual precipitation occurs during the cold months (end 15 of autumn and beginning of winter).
16
Currently, 75% of the Moroccan territory with a grassy or wooded vegetation (thus excluding the Rif mountains today (Fig. 7) . SI is higher in mountainous areas. Nowadays, in the areas surrounding Hachlaf lake (located at ca. 1600m elevation) SI is around 5. Such SI has changed 23 over the past thousand years as confirmed, at least between 6000 cal BP and today, by the 24 studied fossil archive (Fig. 3) . The amplitude between Pw and Ps precipitation has increased 2 25 to 3 times towards the present (Fig. 3) . Since Pann has a decreasing trend, the opposite increased 26 seasonality is related to a significant reduction in the amount of rainfall during the months of 27 June, July and August (Fig. 3 ). This strengthening of the contrast between Pw and Ps had a 28 rather limited impact on the dominating taxa because they can withstand the summer drought European temperate latitude than at the arid Mediterranean one.
7
SI was lower than 5 before 3750 cal BP despite an amount of precipitation between 600 and 8 700 mmyr -1 (Fig. 3) . During that period, water probably persisted in the lake all throughout the 9 year which allowed the presence of aquatic plants (Fig. 4) flowering during late spring and (Fig. 4) may not be inconsistent in cases where there is a low terrestrial input
17
(low Sand/Silt, Fig. 3 ) during a period when the lake level is high.
18
The relationship between δ However, a C/N ratio > 11 may correspond to a mixture of both local and terrestrial organic 26 matter (Fig. 5) .
27
After 3750 cal BP, Atlas cedars noticeably spread around the site while the pine populations around the lake is probably related to both an upslope spread and a south-north migration.
2
During this ecosystem transition we observe a major change in both Pann and Tjan. The 3 increase of SI after 3750 cal BP is due to a combined increase of Pw and decrease of Ps (Fig.   4 3). The expansion of cedar forests in the studied area may be related to their better adaptation 5 to strong SI than pines at higher altitude.
6
Competition is another parameter that might be worth considering. After 3750 cal BP, the C/N 7 ratio is below 11 and the δ 13 C remains below -26‰ which suggest the important primary around the site may explain the high input of OM into the lake.
13
Over the last six millennia, superimposed to the overall climate trend, we observe one relatively 14 abrupt event between 5500 and 5000 cal BP during which Tjan declined by about 2°C compared 
22
SI has the lowest value of the record and a succession of abrupt changes are recorded in the 23 C/N ratio, the grain size fractions, the δ 13 C, TN, TOC and CaCO3 (Fig. 3) . Carbonates,
24
considered as a "paleo-thermometer" (Meyers, 1994 (Meyers, , 2003 , also decrease abruptly around 5200 25 cal BP (Fig. 3) . The latter may be linked to a low evaporation of the lake which may have been 26 favored by low winter temperature around 5200 cal BP. The fine grain size sediment also 27 increased as a consequence of low seasonal precipitation contrast and/or a continuous sediment 28 input to the lake. Such sustained input of clay and decreasing carbonate content suggest a higher 29 lake level between 5500 and 5000 cal BP (Fig. 3) . Thus, the Tjan and SI decrease may have 30 contributed to the higher lake level or at least to the presence of water throughout the year (Fig.   31 3). At the same time, the sand to silt ratio is very low which confirms a low energy during the Morocco, was rather minor between 6000 cal BP and the present. Annual precipitation and 6 January mean temperature have respectively varied within a range of 100 mm and 2 to 3°C.
7
However, they both show a trend towards a more arid and warmer climate as well as a higher observe an abrupt cold event between 5500 and 5000 cal BP which is well marked in all 12 environmental proxies from our studied fossil record. The δ 13 C and C/N ratios, which are well 13 correlated together, suggest an increase in the organic matter input from the catchment area. 
20
The increase in rainfall seasonality has probably favored the expansion of Atlas cedars around 21 the studied site at the expense of the pine forest. Cheddadi, R., Lamb, H.F., Guiot, J., and van der Kaars, S.: Holocene climatic change in
21
Morocco: a quantitative reconstruction from pollen data. 14, 883-890, 1998. Geiss, C. E., Umbanhowar, C. E. J., Camill, P., and Banerjee, S. Table 2 . Pollen taxa assigned to the most probable plant species in our plant database.
3 Table 3 . Pollen zones identified in the fossil record using a constrained cluster analysis. AP:
4 arboreal pollen taxa, NAP: non-aroboreal pollen taxa, DT: taxa diversity. 
23
The taxonomic diversity is computed using a rarefaction analysis. The red line shows the limit 3.7 ka 24 cal BP. 25 
